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'ULTIECELO~NEIWW MDL 1 AND HEULS77C FRM 7
CAT SE ICE • SUPPLY SYSTEM (CS4)

flfflD)CTICt4

A series of brainstorming sessicrs was held by the --artermaster
Sdx~o (CM) Uth the Joint Technical Staff (MTS) at Natick Research,
Development and Engineering Center. Te involvement of the Food

ieri Dir rte (FED) in the bra- sessions led to serious
speculatio~ that the develoment of a ultieelai inventory model of a
carbat service support supply system (CS4) may have the potential to
enhanoe the logistical capabilities in any given theater of operations.

In any theater of qperatics, the possibility of a military conflict
is always present. Not only must the supply/distribution system of a
theater be able to react effectively to the needs of the troops, it must
also have the capability to sustain an adequate flow of supplies to the
field troops, in a coordinated manner, in the event of a prolonged and
intense conflict. Since the informtion ebtained by intelligence
gathering is not always accurate, cozplete, or current enough under
constantly chianl•g c-irun:tances, an adequate degree of prspayress and
sustainability is essential for the security of a theater. Without
adequate logistical planning and support, a sudden and intense conflict
can prevent needed subsistence fran reaching field troops. Particularly
critical is the need for field troop supply support at the lower edielons
from the uper echelczu of the theater. Not only must the
su;*ly/distributicnu system be able to react effectively to the needs of
the troops, it must also have the capability to sustain an adequate flow
of supplies to the field troop, in a coordinated marmer, in the event of
a prolonged and intense conflict.

SuLply/distribution policies that are currently in effect in theaters
tend to be static; that is, they do not account for the stocastic and
dynamic demands that can adversely influsene a suply/distribution system
in times of military conflict. Mhus, under the current policies, the
likelihood of problems in the logistics system that are severe enough to
ccpa[Ise the military effectiveness of a theater is significant.
logistics prcbla that are of paramount concern relate to the possibility
of stoc)uts occurring at any echelon in the theater as the result of
sudden surges in demand; these are especially critical at the lowest
echelos where the need for supplies is typically must highlyoorx,.±rted.

There are many analytical methods available to cape with logistics
problem that are related to soI astic and dynamic behaviors, such as
demand. operatiown research has many basic methodologies; however, the
method or czrbinaticn of methods applied is often influenced by judgment,
peripective, and goals of the analyst. Possibilities that exist within a
broad range of tchlniques include inventory analyis, mt tical
pr asning, Just-in-tin. inventory methods, and network analysis.



The objective of this effort is to identify the inportant aspects of
logistical� uly/distribution probleas with respect to military theaters
of operation and develop an analytical approadi that can be used to ensure
that troop deands for perishable rations are met. The goal is to reduce
inventory levels so that the rations are rotated more quickly and to
reduce the use of transportation resour , i.e., vehicles, fuel,
roadways, railways, etc.

A network analysis approach is used to cut inventory levels ard
trazupotaticn activities thbragh•ut the theater. The method of choice is
a dynamic flow expansion of a mini=n t-u flow method. The
out-of-kilter (MIA) algorithm is used primarily because lower bourds for
the arc (route) flows not only ensure geographical coordination in the
logistics network but also enforce teporal coordination as well.
Solution methods to exogenous source limitations and pre-positioning can
also be aounted for by use of the method of dynamic flows.

Since a major aspect of the modelling is the existence of different
types of rations, the flows are =i-tic+-mdity. A heuristic is developed
to deal with the ultiozuimdity flows version of the problem.
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1ATER RATIW DISTIBICKIc SYSTEM

Mis section of the report outlines the aspects of the ration
suqpply/distribution system that lead to the develcpment of the logistics
model. 7he important aspects of the system are its operating policies,
its structure, and its prdilatic issues. 7he application of the model
is also described. Information about the ration distribution systems in
military theaters was drawn frao yurus discussion with experienced
personnel and from field menals.

OQeratinM Policies

Current ration distribution policies include a "push" and a "pull"
caixzwnt. she push om.ponent projects future demards and moves supplies
ahead in an effort to satisfy the projected demards. 7he push =cmmwit

VOes supplies (from both OONMi and OO2M) to facility
locations. Currently the supplies are moved by long-range traruportation
to any given theater; this is usually done by sea in 30-day palletized
lots. lb. lots are then moved by theater aprtatio systems, wbich
are usually truck and/or rail, to the distributicn facilities for future

u mts. he pill compoment of the distributicn process reacts to
immediate drands that oocur at the unit level, that is, primarily at or
near the front line of troops (FDr). Within the context of this project,
the term "unit" refers generically to military personnel at the brigade
level or lower (see Figure 1). Cueguently, the (ration) supplies are
"Pulled" to the dend locations by requisitions. During this process the
units review the supply requiremnts on a daily basis, if possible;
reguisitions are prepared by the units at the dfmand locations; the
suplies are transported (i.e., "palled") usually by truck or rail from
the storage facilities to the denad locations.

In addition to the push and pull activities, supplies are held in
inv=*xory to ensure preparedness. Preparednssrmirnt

e-terminationw are based on troop strengths for a given level and duration
of conflict and current feeding policies (such as MRE to T-Ration ratios,
etc.).

Ration DistributionStuur

7 structure that is associated with rations distribution in a
theater is ukwn in Figure 1. he thin arrw information flow
aid the thick arros represent the flow of (Class 1) ration supplies.
Typically the information flow starts at the field unit and reaches Th MW
(Theter Area Materiel MAnmguMnert Cwnter), which is the integrated
invwautzy umn 1gh1amy I ozter for the entire theater. C)omm NW (Corps
S --rCot d Materiel Manageunt Center) is the fwntional control
outer ftr moply and - --nt; it relies heavily on the
ccpter cqpabilities of OSCM (Corps Support cmnd). aW:aN WC
dirctsstora ag d distribution of .ubsistenai, reviews and analyzes
•rIs, and balances the workloads of subsistence supply units at or near
the FWo. EXc (Division Materiel Managment Center) provides centralized
and integrated materiel mang=*nt sumport for Class I suplies. MWC is
asigned to DISOU (Division Support Ommand). The I3I that exists in
each of the military edceluns, i.e., the theater, corps, and division

3



Theater Corps Division Brigade

TA
MMC

MMC M M

Unitt

D DS

Figure 1.
Flow of Class 1 Supplies in a Theater

TA MMC =Theater Area Materiel Management Center
MMC = Materiel Management Center
GS = General Support
DS = Direct Support
COSCOM MMC Corps Support Command Materiel Management

Center
DMMC = Division Materiel Management Center
DS Main Direct Support Main
DS Fwd = Direct Support Forward
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levels, provides its amrrespcmding level of coordination of supply
activities. he. lower (military) echelons provide increasingly more
detailed madinistration of supplies in their own areas. The WMC of each
area ommmicates with Loth General Support (GS) and Direct Support (DS)
units and provides logistical support for these units. lhe supplies are
#rysically haidled only by the GS and m units (under onoal
circumtances). In Figure 1, note that DS Main provides direct support to
the divisional units and seids supplies to DS Fw (DS Ftoamd) to be
distributed to all units at and below the brigade echelon. Also note that

u;ply routes that are exogenos to the theater typically lead to the GS
tmit-s at the theater and corps level; these supply sources can originate
frcm an outside nation or frtm host nation suport.

he generic strucure of a distribution node is shown in Figure 2. As
in the previous figure, information flow is represented by a thin arrow
and (ration) supply flow is indicated by a thick arrow. Supplies from
various sourcms that flow into the area are inventoried and distributed by
the GS and DS units. The field units in the area are supplied by the DS
units and report supply usage and requisition back to t!e DS unit. The GS
can supply the IS units in the area and the GS units in lower ectelcrn.
lhe generic structure of each location is represented by a node in the
logistics network.

PmbhlematJc Isue

Since the possibility of an intense military conflict always exists at
or near military theaters, the ration supply/distribution system must be
able to react aPprnriately to provide subsistence to troops. Therefore,
the objective of the logistics network model is to help provide
quantitatve cisio mking capabilities to uer-echelom •C users in
the theater. The top priority is to mest the denids for ration
distribution - especially the demards of the field units in the lower
edalons

There are two major types of criteria that define the problematic
i of logistical suppot: ;raarms and st inablity.
Pqparenes, in the logistical context, is the ability of the logistics
system to react effectively and decisively to any adverse cimrtaxc
that my occu with little or no advance warning. Prqep dss includes
the ability of personmnl to make decisions about the location and amount
of pre-positioned supplies, and the ability to have transportation and
distributicn resourcs in place and in order. The goal of ;raFrto-w is
to provide logistical s ort until sustai ility capabilities are
achieved. ustainability is the ability of the logistics system to
provide long-term supply to troops once the wartime som-aio has been
ams ed.

Sautainability planning umt account for the dynamic aid praimbilistic
coditicw of war. The .-rictable diaracteristics of military
conflicts can manifest themeelves in varicus ways: dhanges in intensity or
duration of battle, (ermy) units danging locations rapidly at the front
lines, cin•ideration of raticx due to their vulnerability, damage to
resuzrs in the theater, and dcanges in demand levels due to troop
cagualties. airceristically, the lower ecelons will be more at risk
and acre nibile than the uper edelons, which are relatively stable and
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meaire. Sustainability is enhanced when the ability to forecast scenarios
effectively and anticipate tro movements is increased.

The human element can undermine sustainability due to the pursuit of
informal activities, such as trading supplies, or sinply by ocmittirg
(-n) errors.

Another factor that can affect ration sustainability adversely is the
fact that wartime priorities tend to favor ammition and fuel over ration
supply logistics.

UM A~licationSta

7here are many different methods that are useful for modelling
multiechelon distribution prblms that have transportation lead times and
nveor levelI as aspects to consider. It is important to note that

altbhx4 there are many kinds of analytical methods, there is no
established method that can cope with every type of multiechelon
inventiory-distributicn probklem.

one analytical techrnqm that has gained much popularity over the past
decade is just-in-time (JIT) inventory sstems analysis. The method of
JiTr is inapplicable to the ration supply/distribution system for a variety
of reasons. First of all, JIT inventory systems are strictly "pull"
systems; that is, they respond to deaend and they asume that lead tim
and lead time variability are of an insignificant magnitude compared to
how quickly the demands can cmange. Fbr the ration supply/distributionn
system, that assumption does not apply since lead tines from uper
echelons to lower edhelcns can take days; and demands at the front lines
can change nu± 1more rapidly. Secord, JIT assumes that the cost of
set-up, ordering, and transporting are insignificant compared to the
holding cost in inventory; again, that assuopticr clearly does not aply
to the ration suply/distribution system. Even though JiT analysis has
beemn dgoing e t atical 4 resear, it is not yet developed eoughp
to be applied to the logistics problem described in this paper.

1e modelling tecnique that was dchsen to represent the theater
lo cs is a minimum-,cost flow network mdel with upper and lower f1ow
bound reps _ntation for each arc. The algorithm that is used as part of
a buiriltic to reduce the operating costs is known as the out-of-kilter
algorithm. Using this uodel, inventory distribztion facilities are
z ru@prested by nodes and transportaticn. routes are represented by arcs in
the nkwbk. 7o take the tim elmnt of the logistics system into
aoo~mt, the method of dynamic flow was applied to expand the model. ue
detils of the logistics network umdel are described in the next section.

An me•view of the modelling applicatico is snhow in Figure 3. 7he
schematic illustrates a cyclical proces in which information about the
th§te (during the military ocnflict) is fed to the database in the form
of network parameter values that define the current situation. The
Inf ---ti from the database is fed to the logistics network heuristic
for analysis. orders and instructions that are based on the results of
the heuritic analysis are sent to the apprrpriate parties in the theater
from the M1C locations in the echelor•s. The mffxms of the theater
activities are sent back to the database and the cycle continues.

7



Database
"* Inventory Levels
"* Transportation Routes
*Demands

4
Logistics Network
Analysis Heuristic

Orders and Instructions

Logistic Network Actions

I"Consequences of Actions ,-

Figure 3.
Modelling Application Schematic

8



Note that the cycle that is mwnticned above occurs in what will be
referred to as a time period. A time period can be considered to equal
a day; hwver, the need for ore rapid respnes to the dhanges taking

place (particularly in the lower echelcns) may warrant the time period and
feeftack cycle to be reduced to 12 hours.
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LOGLSflCS NTh7WFl'U ND~

the sl eon logistics model is depicted uthmatically as a
rAtitk whose basic rnix:mnts Iconist of nodes and arcs. 7he2 nodes
represent either the supply location points, such as Defense Ingistics
Agmncy (DEA) depots and/or troop issue subsistence activities (TISAs), or
doinnd points, which are often referred to as ration beak&= locaticrs.

ars a are used to represent the supply routes that exist between the
locaticns (i.e., nodes) in the theatre of -eraticma. 7he activity that
o~ir along the arc that comnects node i to node j, that is, arc (i,j) is
referred to as the flow fro i to j. lbs idea is to perform a
multicibjective optimization of the network under a %&a trained set of
uzltic ty flows. Each couadity, k, rr d to a at-n r
that is to be optimized by applicaticn of a minii•u-cost-flow algorithm.

7he primary =c.rn of the model is to ensure that the proper amomnt
of each o iuodity arrives at its appointed destination no later than it is

a ed, hever possible. 7he supply and denands are represented
mthmt•cally by constraints within the network modal.

Seccrdary ncerM are irpresented by the miltibjective function that
exists inherently within the cost structure of the model. aicing
various kinds of product flows along the arcs in each of the mbnetworks
enablem a given set of criteria to be eamhasized, which is ac Juplished by
un ating the r-st strwcure (of the arcs) in the network.

Me four criteria of fu-xiaufnal i. otance within the context of the
&4pply/diztribzticn system are as follows:

(1) Tar tic: Iducticn of the strain placed on the
trarqataticn resirc (pertaining to truck awd rail oriented 04Oply

mctaniutms) is important. since the vehicular resources in the logistics
wyetam are typically the most critical factor in the operation of a
theater, this criterion should be given the strongest, or nearly the
strCriest, priority in cmqparison to the other criteria. Placing a
relatively high set of (utility function) costs on the arcs that represent
trarportaticn flows in the network will place emphasis on suppressirn
these flow in couparison with the other types of arc flows in the
nablrk.

(2) Inventory Levels: e..ction of storage in pre-position and theater
irwetrie is often useful. Reduction in overall storage levels in
thater will tend, to peed up rotation of m ty Jitem. An incease in
rotatiou rates is particularly inportant when perishable items, mxsc as
ration, are involved.

(3) Dotmd: Hasting dmaeds, in tori of rdzus and
utainbility can be acoiplished by effectively distributing the supply

lvsls thW &I the logistics system. Reistributici, during each tim
period, in r e to current and projected demanrxs is useful in avoiding
stodauts-. M possibility of stockouts is a particnarly critical ocxern
at or nwr the frtut line of troops (FlOI).

I0
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(4) Supply Production Rates and Lead Times: Taki supply Source
produicton rates and lead t s into cxsideration is very important.
sine each acomndity has a limited rate of production (in CCHS plus
0CrOUS), demand surges can overload the supply cuopr with production
diMM-ds. If the *•er bourds of supply ProdUctM rates and the lead
ti to delivery frac each produiction source are ""kaidered, then w rds
placed directly on production sorces can be moothed out over time.

Nodal Structure

7hen, are two major aspects to the constr=t of the logistics network
nd'del. First, the node] is dynamic over a countable namber of time
periods; therefore, an expanded version of the netwo representatin for
one tim period is used to mode3 the system over the etir. planning
horizon. Secod, the sstem to be solved is decoposed into what will be
referred to as commodity and boundary networks. lbe volune-ocmstrained
1!in-ary network takes into accout the cuaulative effects of the
volum-flow from all the commodity networks. wmse two aspects, referred
to above, will now be described in detail.

Rd Qc Flows gameics

Mhe cnpt of the dynamic flow version of the (steady state)
logistics network model is mor easily grasped when a logistics model
having only one ommuodity is considered. Supose a situation exists close
to the FLOr in which a small section of the logistics system is depicted
by Figure 4. Nodes ritered 1 through 4 represent storage facilities.
Node S represents an exogenous scuirce; that is, a supply source that might
not even exist in the theater itself. 7he source could be in OMS or
onm-ere in OCCHM near the theater. Note that S is directly suplying
location 1, in Figure 4 as showm by the arc that conncts S and 1. Node S
does not have to represent any specific location; the idea is that
location 1, in Figure 4, is being supplied by a so or group of source
locations that are rePrsentav1 by node S; arc (S,1) oonveys this concpt.
Nodes P and D denote pre-position and deman activities respectively.
Neither P nor D represent any location at all; iratead, the arcs that
innate from node P and whatever arcs that enter node D represent Suply
and dmand flow activities, respectively. 7he activities of all the arcs
are ocuutra irod by upper and lower bonds and regulated by costs; this
will be described later in this chapter. lhe nuiters on each arc of
Figure 4 denote the muber of time periods reguized for a supply .hpiwit
to travel along the arc from node to node. Sam of the arcs are assigned
(tmee) values of zero because the activity that the arc represents takes
no significant tim to owaur. For listanos, arc (4,D) requires no
significant time sinoe it does not represent an actuial route in the
loglitics system. Arc (4,D) exists as an activity to ensure that the
total demand of the cummodity flowing into node (location) 4 frn nodes 2
and 3 does not fall beneath a prescribed lower limit (that is given by the
lowr boud on arc (4,D)).

I1



Exogenous Pre-position
SourceFire

0// 0 0

Network Representation of Four Facilities Near the
Front Line of Troops with their Supply Routes

and Activities
Nodes 1 through 4 represent storage facilities.
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The dynamic flow version of the graph in Figure 4 is shown in Figure
5. Note that there are nodes that have two nurers in their designations;
the first number dmotes the time period and the secoud number --o-respods
to the identifying number of the node in the graph in Figure 4. The P, S,
and D nodes denote the same meanings as in Figure 4. The node referred to
in Figuxre 5 as SS is the mzpersozrce node; although SS does niot represent
anry real icocation the arcs emanating from it have a functional meaning.
The only reuason node SS is irportant is due to the fact that network
algorithms typically solve graphical representation of networks having one
. node, namely SS, and one terminal node, namely D. Nebtwrs having
miltiple sources and multiple terminals (or sinks) are typically modelled
using -4persource and supersink nodes in the above manner.

The concept of the epze graph (see Figure 5) can be grasped by
ccz n .some brief exauples. For instance, cnsider nodes 1 and 2 in
Figure 4. Sinc an tim period is required to mMd a hipmnt over arc
(1,2), this actively is represented in Figure 5 by arcs from node (1,1) to
node (2,2), from (2,1) to (3,2),..., from node (t,l) to node (t+1,2),
etc., from node (5,1) to node (6,2). In another exanple, consider nodes 2
and 3 in Figure 4. Since two time periods are required to sn the
commdity along arc (2,3), the represenation on the expanded graph are
arc from nodes (t,2) to nodes (t+2,3) for t = 1, 2, 3, and 4 in Figure 5.
In general, if arc (A,B) frao node A to node B requires h time periods for
a acmodity to traverse it, then the representation wold be an arc from
nods (tA) to node (t+h,B). Over a planning horizon of TH, that is,
time periods 1,f2,... TH, t wouild be def ined as an inute-ger suchi that
1_< t<T -h. In Figur 5, d. (for =1,..., 6) is thed dmand for
the 9city at time period 1.

7he logistics network model takes into consideration five types of
activities; they are described as follows (using the notation of the
dynamic floa graph):

(1) Trarmportation: Arc ((t,A), (t+h,B)) as dcribed aboe.

(2) Storage: Arc ((t,A), (t+l,A)) for each time period for
t -, 1..., Ti-l, for location (node) A.

(3) Demind: Arc ((t,A), D) for demnd at node A fort= 1,..., TH.

(4) Sources: Arc (S, (t+h,A)) for shipmnts frau the eogenou source
to node A fort -1,..., TH-h.

(5) Pre-positioning: Arc [P, (1,A) ] for all locations, node A, where
pre-poitioning is ocsmidered.

13



di d2 d3 d4 d5 d6

SS = Supersource
S = Exogenous Source
P = Pre-position
D = Demand

Figure 5.
Dynamic Flows Expansion of the Network

in Figure 4 for Six Time Periods

In the intermediate nodes, the first indice
represents the time period and the second
number represents the identifying number

of the node from Figure 4.
14



So far, the arcs involved have been described as routes that require h
time periods to traverse. There are additional parameters that define the
arcs that exist: mathematically in the model. -Ihe paramters of arc (i, j)
for the (expanxed) dynamic flows graph are as follows, for each commodityk:

(1) The lower bound of the flow is I(i,j,k).
(2) T h er bound of the flow is u(i,j,k).
(3) The cot per unit of the flow is c(i,j,k).

The quantity f(i,j,k) is the number of items (e.g., rations) of
commodity k that flow along arc (i,j) durirg the time periods that are
rqrdited by arc (i,j). It follow that the flow must satisfy theocnaiticm:

l(ij,k) _ f(i,jk) _5 u(i,j,k) (1)

for all arcs (i,j) for every ctmmnodity k. The u~per bound (e.g.,
u(i,j,k)) is usually referred to as the "capacity" of the arc.

The ost of the flow of arc (i,j,k) is equal to c(i,J,k) f(i,j,k).
lhe objective is to minimize the sum of all the arcs for eadh commodity
k=i,..t., Nc.

Minimize E E c(i,j,k) f(i,j,k) , for all k. (2)
iJ

The paramters that are assigned to each arc, in the dynamic flows
model, distinguish the activity of each of the arcs; the manmer in which
this is dam is described in the following five activities:

(1) Ftr transportation activities, the lwer and uWer bounds are zero
and infinity res ctively. The actual mmber of each ocamdity, k, being
trarportd, in itself, is not a limiting factor; the volume (or cube) is
a l Dtic aspect in the logistics system. There are unit costs that
can he assigned to each commolity to discorage the use of trapor tation
rescurces. lbs unit cost c(i,j,k) can be based on the mass and volume of
commodity k as well as on cnsiderations that relate to the particulars of
the rcute of arc (i,j) and any utility functians that the users of the
model deem fit to contruct:.

(2) PFr storage activities, the lower bound is set to zero, and the
t~e~r bound u(i,j, k) is typically set to infinity, unless other
=mideraticno that are inherent to the particular kind of commodity are
relevant. As in the Iraupoartaticn activity, it is the unit volu of
each commodity that relates to the number of item that can be stored at
location i from one time period t to the next t+l. Unit costs can be
masigned to the ari to influens the amount of it being stored. Mum
costs can be related to a utility function that is selected by the users
of the model.
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(3) For demand activities, the arcs have a finite positive lwer
bound, recall di in Figure 5 for the beginnin of time period i.
Setting the paramter 1 %1, j,k) equal to the decard for ommodity k at node
i, where j corirspords to node D in Figure 5, forces that deandx to be
not. 11w capacity u(i,J,,k) is infinite. 7he cost is set equal to zero.
7hw demnd is what drives the flow throuh the system. Note that in the
markmtplace, whre- these cr-x-dities are sold, negative costs would be
assigned to encoarage sales.

(4) For activities that rresent s es, a loer bound of zero and a
finite positive uper bound is assigned, that is, u(i,j,k) > 0. Mie upper
bound is the c ity of the source to produce flow, f (i,j,k), where i

-rds to the source node, S, j correpord to the receiving facility
(node), and k correspors to the commodity. 7he unit cost, c(i,j,k), can
be set to relate to the market prices. Note that in a major wartim
i qenrcy, the costs may be assigned zero, since the lives of the soldiers
and the security of regions that are affected u-st directly could make
capitalistic issues insignificant in comparison.

(5) For pre-positicning activities, the arcs wold be assigned bound
:Pote1, values that are analogous to the values of the source activity
arcs, that is, a lower bound of zero and an upper bound u(i,j,k) > 0.
Node i correspords to node P and node j corresponds to the facility having
pre-psitioned u(i,j,k) units of commodity k just prior to the beginning
of the first time period. No costs would be assigned the activity; that
is, c(i,j,k) - 0, unless the effort to remove the items frEm a
pr- iticing mde of storage to an orientation that corresponds to
storage that has a higher level of readiness is considered costly for
particular reason.

It is inportant to note that arcs (SS,P) and (SS,S) in Figure 5 have
lower and uer bounds of zero and infinity, respectively. Also note that
the unit rost of both the arcs is zero.

Note that there could be five types of costs that are associated with
the logistics network model; each type of cost correslpords to its

sammciated activity. Because of the different types of costs in the
natw•rk model, this model can be classified as a uultiobjective
catinization model in which each ojective correspcrds to ore of the five
type of activity costs. As explained in the ion, the
p =1 rit costs in the (military) theater would be trarportation and
(inv*oy) storage costs. Pro-positioning costs may be a significant
factor in ame theater scanrios.

•,-,,,i~eEffects of _r',,M•t-yV••-lw

A •ajor aspect to the structre of the model is the cumalative
influm that the volum-flow of all commodities has with respect to the
volmutric capacities of each of the wztes in the logistics rwork. In

Wmmo O, the issue is oiba e. Each commodity has a corregspcling volume
(or ojage V (k), for o=moditim k - 1I..., N wh, e N is th
umber of difermit -cu-•ditiss in the logistics system . 7h_ cu• lative

volume-flow throuh eaich arc (i,j) in the dynamic flo.s network, when
ummd ver all the ciuoities, is given by equation (3); such a network

of cmulative volum-flows is referred to as a boundary (flow) network.
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"Nc
v(i,j) = E f(i,j,k) Vc(k) (3)k--l

Recall that each omodity, k, has its own correpmaiing dynamic flaws
network. MM each of the flows f (i, j,k) in all Nc dynamic flaws
netwrks is determined, the cmualative volume-flwcis for all arcs (ij) in
the dynamic fow's (boundary) network are ocpfted and ompars5 to their
uor-u-oriing volumetric flow capacities, UV(i, j), in the dynamic flows
(boundary) network for (cumulative) volume-flos.

It is important to note that the dynamic flos network for volumetric
flows has exactly the sane graphical structure as each of the graphs for
the dynamic flows of the oomxodities.

It is necessary to ensure that none of the volumetric flows, v(ij),
exaeeds the n, Uv (i, j), in the. volumetric dynamic flows
netwrk. The heuristic for Multiccumodity flows, whidh is described in a
later section, identifies any violation, such that v(i,j) > Uv(ij), and
eliminates it during the next iteration in the heuristic.

Miree of the five types of activities in the logistics network have
finite volumetric flow capacities; they are transportation, storage, and
pre-positicning. Since dwand and source activities do not have physical
rutes that are constrained by any practical coxzideratican with respect
to volume (i.e., cubage), the arcs that ocrrespond to these activities are
considered to be effectively boundless. Thus, Uv(i,j) is set to infinity
(or an extremely large positive quantity that could not possibly be
readed by the volumm-flows).

Volumetric Flow TLimit:at4ion

Te network flow activities that have finite volumetric capacities
have their corresponding uper bounds for various reascw and with
differing ciaracteristics. For instance, storage and pre-positioning
limits are merely static in ocmParison to tnsportation since the nuaber
of vehicles at a facility (location) can d~uane very rapidly fr - one day
to the next. Storage and pre-positioning (volumetric) capacities have
essentially the same characteristics as each other; they most strohgly
rzlate to the internal dimensions (i.e., actual size) of the storage
facility that determines their values. Fbr that reason, the volumetric
capaities associated with storage facilities are nearly constant, but not
always constant since catc events on the battlefield can suddenly
reduce these cpaities to zero or near zero. If expected capacities are
ued i*e it is decided that the risk (or prdbaility) of destruction is
ignifican*, then these values will irdeed tend to fluctuate ,oe actively

fr m on tiii period to the next.
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Transportation (volumetric) capacities are a much more elaborate issue
than those of storage and pre-positicming. CQsider a route frcm location
i to destination j, within the context shown in Figure 4. The time
periods required for the vehicles to get fram i to j and return to i are

(D) (R)dented Tij aid Tjj, respectively. 7te superscripts D and R stand(D)
for ination and r0turn, reepectively. TjI is the quantity that

affects the time dynamic in the dynamic flows netwk. Note that h, wich
was defined in a previous section as the nzmmer of time periods required

(D)to sen a o-indity along arc (ij), has the same meaning Tijj; their

cmtuts cbviously differ from one another. Since the vehicles (usually
trucks) are not, as a rule, lent out to other depots, they return

(D) (R) (C)
(TM'j + Tij ) time periods after leaving location i. Denote Vi,t

as the trrle volume capacity at location i, and Vj,,t as the

volume that is actually transported from i to j; each starting at the(R)Itisrolestath
beginning of time period t. Note that (R)i• • o timp~ri t..e tht v•j~tis not less than the

actual volume of products being shipped from facility (location) i to j
• ~(R).during t. Mms, location i will lose V(,j,R) and its volmetric

(transport) capacity at time period t+l wmuld be:

(C) (C) (R) (4)
vit+l Vit Vi,j,t

if the volwmtric gain from the returning vehicles from location j were
not ornsidered. 7e volumetric gain from the returning vehicles is

denoted by VQ'jq(i'j).- Subscript q(i,j) is defined as

,(D) (R)
q(i,j) - (t+l) - (Ti,J + Tij) . (5)

Note that q(i,j) must be a positive integer. Therefore, taking the
retwwing vehicles into accunt, the volumetric Capacity is;

V(C) (C - V(Ri,J,t)+ i,J,q(i,J) (6)
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Zacation i at time t and successive time periods, t+1,..., T are
related to the structure of the dynamic flows network as described in a
previous section (of this paper) that discusses the structure of the

(C)zwbxks. Theefore, the calculated values of Vj,t, for all i and t,

can be assigned to the corresp.crdig capacities Uv(ij) of the dynamic
flows rxiwork.

As previcusly noted, uhmever the volumetric flow, v(i,j), of the
dynamic flows netdark, exceeds Uv (i, j), corrective measures are
llmnted iteratively by using the heIristic for mnlticctmmodity flows.
Mtle hauristic is described in detail in the next main section.
SolutionS~m

Once the ocumodity flow ocnfiguratian, f(ij,k), for all arcs (i,j)
and CCmIKdities k - I,..., Nc in the dynamic flow netwrk model are
ditmined, recm!" rdatiozu are made in terms of orders and instructions;
refer to Figure 3. The rIe mrdatios are based an the solution and can
be qualitative as well as quantitative. The reocumdaticms are received
by theater logistics persawal and are impleumnted, either fully or
Partially, acrdinq to the Judgment of these personnel.

When the next time period arrives, the current status of the logistics
network is fed back to the logistics database and the current status of
the distribution supply system is used to update the parameter values of
zWdy4namic flows network model. Again, the flow cmfigurations,
f(i,J,k), are cmxputed; and the cycle cxtire as long as need, as
depicted in Figure 3.
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WTICOMVDITY NE HEUPRISTIC

lbe heuristic, which is outlined in this report, uses a network
oztiization technique that is known as the out-of-kilter algorUltm 6 ,7
as part of its solution methodology. 7be algorithm, which will be
referred to as OM for brevity, is useful in optimizing minimu= !o-t flow
network models. Each ccmmodity in a umiticacmodity network is solved
smprately in the heuristic. 7he rest of the Methodology in the heuristic
involves the elimination of cwrtraint violations when the volumetric flow
v(ij) exceeds the volumetric flow capacity Uv(i,j) of arc (i,j). If
tbe violationw cannot be removed after a predetermined number of attepts,
(i.e., cycles) or the commodity network themselves are infeasible
Initially, the heuristic will terminate without a final solution to the
amm•dity netmork flows, f(i,j,k).

Characteristics and Advant-se of the Out-of-Kilter Alaorijfl_

The out-of-kilter algorithm (OMA) is initiated with a starting
feasible solution in the (primal) flow variables. he dual variables are
then calculated and the crstraint violations in the dual constraint set
are Fa II .7he asessmnt is md using quantities called kilter
rnum .ers.", Each arc (i,j) in the graph has its carresinU kilter
nz*,er. When the flow in the network is augmented st-.h that all the
kilter nuners are zero, dual feasibility is achieved; and, thus, the
optinml (flow) solution is determined. A set of dual variables, atxem
values are such that each variable aorr- -ds to each node, uniquely
deter1ines the optimizing solution (i.e., analogous to fine or
EM coding in determining each, individual's identity). In performing the
iteratic with COA it is found, using the (cpzuter) code that was
written as part of the project, that 4hen the largest kilter nusber is
selected to be reduced to zero the algorithm onverges significantly more
quickly than when the mininum kilter nruber is chosen to be reduce to
zero. Note that kilter nuabers can never have negative values.

The advantages of using OCI are cmisiderable. Perhaps the most
i~pori~ant reasmo to consider the use of C1h is that lower (fl1w)Jbonids
can be defined on each arc; with the minium-cost-flow algoritlmiO the
modeller has to settle for zero as the lower bound. Another useful

'ha acteristic of CIOA is that nmiinteger costs (i.e., c(i,j) from the
proviclue chapter) can be used withouzt jeopardizing cotivezgenc to the
optian after a finite nmber of iterations. Another advantage in using

MD is that when a change in a parameter value (such as a bound or a unit
cost) has bewn -- after the solution of the original newbrk has been
diaizl, the dual variable values that craemeond to the nod. in the
netor can be used as a starting soluticn for the altered network. By
a:plying the dual variable values to the altered network, a
dira•moistically rapid amwiezgom is acieved to obtain the now optimu
fw c Igration, that is, prvvided the changes did not redr the
alteed i infeasible.
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7he application of OKA to the solution of a uultim t etwork
flow pmrblem is outlined in detail in this section. First, it should be
noted that although there are other solution techniques that solve sme
types of 7 lti dity flow prblels, they are limited mainly to the sums
of the flows teelves, that is, f(i,j,l) + f(ij,2) +...+ f(i,J,Nc)
and that the mthodologies tend to be centered on subject areas cezed by
linear, inltegjer, and ]largescale megauiquthods. 7he follawing
heuristic entails a much different aproach than the mthematical
p r Ing metbods and omverges to a solution relatively quickly since
it Mus A as a basis for its search routine.

go heuistic will be described here; Figure 6 can be used as a
guide. 7he main idea of the heuristic is to invoke a rna and possibly
tmiorazy rcc=traint to the arc that exhibits the maximun violation of its
iWper (volumetric) capacity bound; recall Uv(i,j). Note that maximum
(onustraint) violations were tested in the heuristic with a rate of
corwergune that was significantly faster than in the case of correcting
minimu violationw. The added costraint was in the form of a change in
one or aa of the uer bounds in the commodity netwmirs; it must be
mphasized that the added constraints were labeled as not being part of

the original for-- lation with respect to the bound parameter values.
Thes adjusted bounds were deterned by using a projection method; the
projection method is described in detail in the apenilx. After the
adjusted u boer n•ba s are added to the comdity ratworks, k, for
k - 1,..., Nc OKA is lpmtdagain an! the cycle continues, if
there are no-other complicaticns. mere can be many complications,
however, in a typical problem of this kind.

The most basic of the complications referred to above is the
%asne of too many bound adjustments aed to the ommodity networks

zesulting in the flows being hked off from other arcs in the networks.
Uhder these conditions, the dmads that are irnexent from the lomr
(f 1w) bounds of some of the arcs cannot be met; therefore, infeasibility
remslts in one r mPre of the over-cunstrained commodity networks. Tor.1dy that situation, all uper bard (onstraint) adjustments prior to
the most recen adjustment are deleted. Me bourds on the remaining
adjusted arc are then "fixed"; this means that the lower bound (in each
cmmodity) is set equal to the adjusted be cund. 7his will fix the
mount of flow through the arc to a conwtant value. Note that the term
"ociJtraint" in Figure 6 and the terms brnd adjustment" are

taznable in the dcription of the heuristic.

Maw deletion of all but the mmtrecent bound adjustment way hapen
Irv than !n- during the heuristic's seardc; therefore, the adjusted or

"fixed" arc that is left undeleted after all the other bound adjustns
are erased my be the am (remaining) adjusted arc as earlier. 7his is
called "cycling." 11w identity of all the fixed arcs is recorded to
detect cyclin.
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Figure 6.
Multicommodity Network Heuristic Overview
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When an arc is identified as a "cycling arc", its bounds (ier and
lower) remain fixed at the samw value and the arc is "partiticned" away
frPm its original set of arcs. The partitioning means that the arc joins
a collection (i.e., another set) of arcs that will never be altered In any
way as long as the heuristic is enaged in solving that particular network
problem. If the number of partitioned arcs exceeds a prescribed limit,
the heuristic's search is terminated. A -cm•v mended value for the ugper
bound for cycling arcs is three, which is based solely on test runs that
were performed. Several experizental network prblems that were very
tightly cxontrained yet knowin to be feasible were performed; all of these
nebas yielded feasible solutions in two or less dAic veries of a
cycling arc.
Soluticn hraceitc

Since each of the comodity networks is optimnized separately and under
the presence of upper and lciwer boundi adjustmerts, the solutions to the
nultioazisdity networks must be considered suboptimal in general.
Preliminary trials with some network problems yield results that sugest
that the houristic frequently comes within on percent of the true oim
even though ny of the experbiental problems were very tightly
otrw!ained.

Data Manihulation for M =rr Consideraticv

Since one of the goals of the project was to allow the software to be
used in many different rcumstanoes and at many echelon, an attempt was
made to make the software practical for use on a personal cmpxter; for
this reason, data files were unipulated by the software in crder to save
space in storage within the executable code itself.

In spite of the above adjustments, some theater logistics =xels may
have too many facilities for the software to deal with on a personal
cmputer. It may be useful to solve the dynamic flows network mdel in
sections, under the cn-Litions just mentioned. 7he solution at the
boundary to a given section may be used as an input to the boundary of an
adjacent section. lumping facilities that are located relatively close to
each other in the theater may be another effective method in circumenting
such a problematic issue when a personal computer is employed.

23



oCLUwsICos AND MO•HENDATIONS

Althcagh a generic model in the form of a network was defined
athmuatically and a heuristic was develcped that is capable of producing

a solution to the lty w network, further experimentation of
the =493 and heuristic may yield aditi nal -a .tical insights.
Currently, further refinemnt of the modal and heuristic is not a critical
issue. The aplicatian and extenion of the model and heuristic software
to either an actual or a smll trial problem, which is similar to an
actual or a historical theater logistic problem, are the rnxt important
steps. Furthwr deueopment would lead ta,,ard an applicaticn to an
miating theater.

urther rmoamwdations can be made to emtanos the effectiveness of
the nodel by adding tectaical extensions. ftr instance, the dsvelcpzirt
or application of fo-tectmique•s that use artificial intelligence
au a major part of their methodology my provide interesting and useful
insights and capabilities. In a similar vein, a set of "learning"

mparnetexs that relate to the sucess/failure history of the logistics
mods] could possibly be developed. 7he values of the learning parameters
could be altered heuristically to influence the future response of the
uolel.

The capability of the model could be exterde if input from domain
e*Wfets is used. Doiman experts are indivia o possess a deep

S111!a ding of the cmplexities and intricacies of a particular subject
area. 7heater MR persoczul and inventory managers my be eaployed as
d=Lin experts for the model; their ipt may be added to the model in the
form of syllogistic rules and guidelines to extend the existing rules base.

If the model and its related softwar are enhanced by am or all of
the ideas that are described above, then it oculd also have high civilian
potent~ial as a useful tool in dealing with inventory and transshlpl-I-
problem in the private sector.
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APPENDIX

la projection method is used to adjust the uer xu-r•ds of arcs in
the camodity natwor1s so that the volumetric flowr v(i,j) is lowered to
equal the vouiwatric flow capacity Uv(i,j) of arc (i,j) in the dynarmic
flows retwork.

Ftw o~m ienoe in notation, denote vector fi,j as

iii, = (f(i,j,l), f(i,j,2),..., f(i,j,Nc)) , (A-1)

where Nc is the nazber of xcum-dities in the netwrk systm. Similarly

Also, dnmote Uv(i,J) as Uij.

lbs idea is to project vector f in the direction of negative Vc
by a euclidean distanoe, r, sucd thatC

=i -V Uij J. (A-3)
-(a)

7his is referred to as (the) projection, and i,,J is referred to as the

adjusted vector. Note that the dot product of f and Vc has th~e
sawn maning as equation (3) in the section Zthi'bes the logistics

ftimok zcdl. A ccuplication arises because none of the flow ccup nts
is allamd to bo negative. Because of the non-negativity restriction,
the heuristic forces same of the ccpon•ets (i.e., the c----ties) of the
vector to remain static while other acaponents are allowed to vary as

pert of the projection. Define si~j and i(si as shown below:

i,'J - (fil,1), .... f (i,j,m), 0,.... 0) (A-4)

and
t(s)..(A5

,j - (0,..., 0, f(iJim*l),... f(i,j,Nc)), (A-5)

in Qhidi the first ai oripm=*ns are permitted to vary and the remaining

terme 3o- to Kcaesai.Dfn ýadV nthe sm
(armlogcm) wnar. M i.,

28



M- (v) -(s) (A-6)ti, j =ri, j + r~ A6

and

Cosidering the concept of the adjusted vector, it follows that fv
is defined as the adjusted-variable vector such that

-(av) -(v) -(s) -(s)
i,j " ) + (ri, j ) Ui'j (A-8)

--(av) -(v) 
(A-9s

f,j i ,ji + fi~j"(A9

Vector fij is related to fj'j by an adjustment in the negative

direction of V) with distance r as shown by

- (av) -(v) _ (I (A-10)
fi,j = -i,j

Combining relation (A-8) algebraically with relation (A-10) yields

Mf. _ vcv ) u< --(( ()- V -y (A-1l)

To solve for r, do the following manipulations with equation (A-11);

MfV -(v) -(v) -(v) -(si ()( Vi ) - (V, Vý )r-U'ij- (nj Vý

-(IV) -(vM -(V) -(v -(s) -(s)
•(V. V))r = (ti, j V. ) + (f j Výc) Ui,j

(V). V))r = (fi,j VC) - Ui- j

therefore, r (fijVC) ij (A-12)

By using ewuation (A-12) to calculate r, equation (A-10) can be used to

V) -(a)* dtezIz Next, equation (A-9) is used to determine fifj.
7he Owomnts in iJ are the adjusted capacities of the

initi-mu,.ity arcs (i,j,k) for k - 1,..., Nc.
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